ABSTRACT
INTRODUCTION
In the Ordovician Ordos basin, and even across the whole the North China Platform, massive dolostones are characterized with a widespread distribution, large thickness, co-development with platform carbonates, and remarkable replacement remnants. Because of their close relationship with hydrocarbon reservoirs, the genetic study of the dolostones is, therefore, of significance. But the genesis of massive dolostones have been the focus of controversy 11-10. 12-141. There are two basic viewpoints of massive dolostone genesis. One viewpoint has it that massive dolostones could have been formed only in near-surface dolomitization environments 1 4 • 9 -10 1, and the other viewpoint is that massive dolomites may have been formed in burial dolomitization environments'VPl.
Inclusions contain the minerals captured during crystal formation, thus fluid examples of the mineralizing environment record the conditions and the histories of mineral formation, and shed light on the diagenesis and mineralization, especially endogenous mineralization. Different kinds of inclusions represent different mechanisms and indicate different environments. Inclusions can be formed in mineral crystals during both the depositional-diagenetic stage and the late diagenetic stage, and can survive through a series of geologic events in basin evolution.
Greater emphasis has recently been placed on inclusion studies of massive dolostones. Most studies concentrated on the pore-filling calcite or dolomite crystals rather than the host dolomite crystals of the massive dolostones. But only the primary inclusion of the host dolomite can reveal information of the diagenetic environments!'!'. Here attention is placed on the inclusions of the host dolomite crystals as well as on the pore-filling calcite crystals. Based on the mineralizing fluid data from inclusion analysis, the ages and the environments of the massive dolostone formations are studied for the Ordovician in the Ordos basin, North China.
GEOLOGICAL SETTING
The Ordos basin is located in the western part of the North China Platform, and extends to the Helan Mountains in the west, to the Qinling Mountains in the south, to the Luliang Mountains in the east, and to the Yinshan Mountains in the north. With an area of 320000 km-, the basin straddles Shaanxi Province, Gansu Province, Ningxia Hui Nationality Autonomous Region, Shanxi Province and the Inner Mongolia Autonomous Region (Fig. I) .
In the Ordos basin the Ordovician can be divided into, in ascending order, the Yeli Formation, Liangjiashan Formation, Majiagou Group (including Majiagou Formations I-VI), Pingliang Formation and Beiguoshan Formation. The Ordovician is overlain by the Middle or Upper Carboniferous, and underlain by the Upper or Middle Cambrian'P! (Table I) . In the Ordovician, dolostones are well-developed and occur in all formations, which account for over 50% of all rocks in the basin and are important reservoirs of the Changqing oilfields.
Based on crystal form, crystal size, relict texture, relict structure and origin, the dolostones in the Ordovician can be classified into penecontemporaneous dolostones and post-penecontemporaneous dolostones. The massive dolostones are post-penecontemporaneous and take the shape of cemented granulated sugar, so they are also titled saccharoidal dolostones. The massive saccharoidal dolostones can be further divided into fine saccharoidal dolostones (i.e., coarse silt-sized to very fine crystalline dolostones) and coarse saccharoidal dolostones (i.e., very fine to fine crystalline dolostones). The fine saccharoidal dolostones are commonly developed in Majiagou Formation VI and the coarse saccharoidal dolostones are commonly developed in Majiagou Formation IV and Majiagou Formation VI.
The massive saccharoidal dolostones are gray, brownish gray to dark gray, and show mottled texture. In the rocks, relict sandclasts and relict biograins are common. The intercrystal pores, intercrystal dissolved pores and dissolved pores all show patchy distributions with porosity about 2-6%. Cathodoluminescence of the fine saccharoidal dolomite crystals is from bright brownish red to brownish yellow, and the coarse saccharoidal dolomite crystals is dull brownish red. The difference of cathodoluminescence indicates the genetic variance of the two types of dolomites.
CHARACTERISTICS, COMPOSITIONS AND HOMOGENIZATION TEMPERATURES OF THE MASSIVE DOLOSTONE INCLUSIONS 3.1 Characteristics and homogenization temperatures of pore-filling calcite inclusions in fine saccharoidal dolostones
Microscope analyses of the thin sections show that the liquid phase inclusions are rare in the host crystals of the fine saccharoidal dolostones, so study is concentrated on the pore-filling calcite inclusions. There are many inclusions with gas-liquid (two phase) or multiple phases containing sodium chloride crystals; they are scattered randomly and are not controlled by tectonic fracturing, showing that they are primary inclusions.
Homogenization temperatures of 24 samples of inclusions were measured ( Table 2 ). The homogenization temperatures of the pore-filling calcite inclusions in coarse silt-sized crystalline dolostones range from 49°C to 62°C, in very fine crystalline dolostones from 59°C to 74 cC, and the dissolution temperature of the cubic sodium chloride crystals is up to 253°C. The occurrence of a number of sodium chloride crystals indicates that the fluid salinity was high when the calcite crystals were formed. The coarse saccharoidal dolostones are composed of a "matrix" of very fine dolomites and "mottles" of fine dolomites, dominated by the mottles, The host dolomite crystals are commonly dirty with bright outer thin rings. The cathodoluminescence of both the dirty centers and the bright outer rings of the dolomites are dull brownish red, showing the two parts were formed contemporaneously. So the inclusions in both the outer rings and the dirty centers reveal the same genetic information.
Microscope analysis results show that inclusions are rare in the relatively fine dolomite crystals of the "matrix". But in coarse host dolomite crystals of the "mottles", inclusions are common. The inclusions are basically of two phase gas-liquid, and some are of multiple phases containing solid salt crystals. Most inclusions are small, mostly 5-10 Jim in size, rarely up to 15-20 Jim. The inclusions take on various forms, and are scattered randomly, showing that they are primary. Gas bubbles in the inclusions show no obvious Brownian movement. Five typical inclusion samples were analyzed with Raman spectra (Table 3 ). The analytical data show that both gas phase and liquid phase in the inclusions consist of organic material and inorganic material. Among the organic material, methane can be found in gas phase and liquid phase. The methane content is from 13.7% to 23.3% in gas phase, and from 8.0% to 32.0% in liquid phase. Ethane and butane are found in only a few inclusions. As for the inorganic material, H2S is often found in the inclusions with a content from 10.4% to 17.5%, which reflects the reducing diagenetic environment. Table 4 ,which range from 104°C to 180°C for inclusions with 80-90% filling degree, and from 201°C to 350 cC for inclusions with a 60-80% filling degree. Meanwhile, there were a number of inclusions with different filling degrees and remarkably different homogenization temperatures, defined as the "boiling phenomenon" in inclusion mineralogy. The reason is that inclusions captured different percentages of gas and liquid during the boiling stage. The less the gas content is in the inclusion, the lower the homogenization temperature, and the closer the homogenization temperature is to the actual palaeo-temperature of the diagenetic fluid.
Here the minimum homogenization temperature of 104°C is used as the lowest temperature of the dolomitizing fluid in order to by-pass the effects of different filling degrees, the mixture of the secondary inclusions and the late high temperatures. The temperature of 104°C is measured from inclusions developed in the dirty centers of the host fine dolomites, which are scattered randomly with a filling degree about 85%, so the measured homogenization temperature is reliable. The analytical data show that the dolomitizing liquid forming the above fine dolomite mottles was a hot liquid with a temperature not lower than 104°C.
APPLICATION OF INCLUSION STUDIES TO THE DETERMINATION OF THE DIAGENETIC ENVIRONMENTS OF THE MASSIVE DOLOSTONES 4.1 Diagenetic environments of the fine saccharoidal dolostones
The homogenization temperatures of the pore-filling calcite inclusions in fine saccharoidal dolostones are relatively low, as seen in Table 2 . Provided the surface temperature of the evaporitic tidal flat was 40°C and the geothermal gradient was 5.24°C/lOOm in the study area, then the maximum depth of the pore-filling calcite inclusion formation would be 172m, showing that the calcite crystals were formed near crustal surface or in shallow burial environments. Considering that the host dolomites should be formed before pore-filling calcites, the fine saccharoidal dolostones must be formed in near surface or shallow burial environments, closely after the formation of the overlying mud-sized crystalline to muddy silt-sized crystalline dolostones. This conclusion agrees with the development of cycles of mud-sized crystalline to muddy silt-sized crystalline dolostones, and fine saccharoidal dolostones, downwards in the outcrop sections of the Ordovician in the Ordos basin. 
Diagenetic environments of the coarse saccharoidal dolostones
The analytical data of the inclusions indicate that methane is widespread in both the gas phase and the liquid phase of the inclusions with relatively high content and, among the organic material, the hydrocarbon with the longest chain is propane, revealing that when the host fine crystalline dolomites were formed, the evolution of the hydrocarbon in Ordovician had reached the dry gas stage. Therefore, the Ordovician was in a deep burial stage when the inclusions were formed. Calculations based on a geothermal gradient of 3.98°C/lOOm and a surface temperature average of 30°C indicate that the burial depth of dolomitization was about 2600m, equivalent to the thickness of strata deposited until the end of the Jurassic, thus it took about 100Ma for the bank facies and platform facies limestones to enter the shallow burial environments forming dolomite-mottled limestones and, finally, to reach the deep burial environments forming coarse saccharoidal dolostones.
The analytical results of both the inclusion compositions and the inclusion homogenization temperatures indicate the same depth for the diagenetic environments. The coarse saccharoidal dolostones were formed in the deep burial dolomitization environments with a hot liquid.
CONCLUSIONS
The conclusions of the study are: (I) The fine saccharoidal dolostones, in which the inclusions are poorly developed in host dolomite crystals, were formed at less than 172m depth in shallow burial environments with a diagenetic liquid of high salinity and warm temperature. (2) The coarse saccharoidal dolostones, in which both two phase gas-liquid and multiple phase inclusions are well developed in host dolomite crystals, were formed in about 2600m depth of deep burial environments with a diagenetic liquid of various salinities and more than 104°C temperature.
(3) The near surface dolomitization model should not be applied to the diagenetic explanation of both fine saccharoidal dolostones and coarse saccharoidal dolostones in the Ordovician of the Ordos basin.
